Genetic mutations in the gene encoding DOCK8 cause an autosomal recessive form of hyper immunoglobulin E syndrome (AR-HIES), referred to as DOCK8 deficiency. DOCK8 deficiency in humans results in the onset of combined immunodeficiency disease (CID), clinically associated with chronic infections with diverse microbial pathogens, and a predisposition to malignancy. It is now becoming clear that DOCK8 regulates the function of diverse immune cell sub-types, particularly lymphocytes, to drive both innate and adaptive immune responses. Early studies demonstrated that DOCK8 is required for lymphocyte survival, migration and immune synapse formation, which translates to poor pathogen control in the absence of DOCK8. However, more recent advances have pointed to a crucial role for DOCK8 in regulating the signal transduction events that control transcriptional activity, cytokine production and functional polarization of immune cells. Here, we summarize recent advances in our understanding of DOCK8 function, paying particular attention to an emerging role as a signaling intermediate to promote immune responses to diverse external stimuli.
INTRODUCTION
DOCK8 is a member of the DOCK family of proteins. 1 These proteins function as guanine nucleotide exchange factors (GEFs) to regulate the activity of Rho GTPases, such as Cdc42 and Rac1. 2 Because GTPases act as molecular switches to regulate diverse signaling pathways, DOCK proteins control many cellular processes including migration, phagocytosis and adhesion. 2 Unlike classical GEFs, which acquire GEF activity through Dbl homology (DH) and pleckstrin homology (PH) domains, DOCK family members possess a unique DOCK homology region 2 (DHR2) domain with GEF activity. They also have a DHR1 domain that is known to interact with phospholipids, 3, 4 and may promote their localization into membranes, and subsequent involvement in signal transduction events.
DOCK8 is expressed predominantly in cells of the immune system (www.biogps.org), and a key link between DOCK8 and the regulation of immunity was discovered in 2009, when two independent studies identified loss-of-function mutations in the DOCK8 gene in patients suffering from CID. 5, 6 DOCK8 mutations were also identified in a murine mutagenesis screen for defects in humoral immune responses. 7 Patients with DOCK8 deficiency present with clinical characteristics such as eczema, respiratory tract infections, high levels of serum IgE, hyper-eosinophilia, and a failure to clear bacterial, fungal and viral infections (Table 1) . 5, 8, 9 In particular, they suffer from severe cutaneous viral infections with molluscum contagiosum, papilloma virus and herpes simples virus. 8 Since the discovery of DOCK8 mutations as a genetic driver of AR-HIES, the clinical manifestations have pointed to a crucial role for DOCK8 in regulating multiple facets of the immune response. The importance of this protein for health is emphasized by the high levels of morbidity and mortality in patients with DOCK8 deficiency, with an overall survival rate of 33% by the age of 30 years. 10 Indeed, only 4% of patients reach the age of 30 without at least one life-threatening infection, malignancy or severe cerebral event (Table 1) . 10 As a result, research in the field has focused on understanding how DOCK8 regulates the function of lymphocytes, particularly T cells, natural killer (NK) cells and B cells. These studies have highlighted the requirement for DOCK8 in the proper function of these immune cells, and the susceptibility to infection in the absence of DOCK8 expression. 9 However, until recently, the molecular mechanisms by which DOCK8 drives immunity remained relatively unknown. Here, we review the recent advances in our understanding of how DOCK8 regulates immune cell function (Figure 1 ). We pay particular attention to emerging evidence that DOCK8 functions as a signaling adaptor to control diverse signaling events in lymphocytes.
DOCK8 REGULATES IMMUNE SYNAPSE FORMATION
The immune synapse is a specialized structure that forms between the plasma membrane of two immune cells, or the membrane of a cytotoxic lymphocyte with a target cell (Figure 2a) . 11, 12 Upon synapse formation, a complex set of molecular events occur within cells to promote the signal transduction cascades required for optimal activation, function and homeostasis of immune cells. Therefore, disruption of this process often results in human disease. [11] [12] [13] Formation of an immune synapse triggers actin polymerization and cytoskeletal rearrangements that facilitate the spatial re-organization of signaling molecules within supra-molecular activation cluster (SMAC) regions. [12] [13] [14] These events are initiated by Cdc42-mediated activation of the cytoskeleton re-modeling proteins, WASp, and are critical for optimal immune responses ( Figure 2a) . 15 Upon synapse formation in T cells, proteins such as protein kinase C theta (PKCθ) and leukocyte-specific protein tyrosine kinase (Lck), become polarized into a region proximal to the synapse contact site called the central SMAC region (cSMAC). 12 This initiates the TCR-mediated signaling cascades to drive T-cell activation and effector function. In addition, adhesion, co-stimulatory and docking molecules, such as lymphocyte function-associated antigen 1 (LFA-1) and talin, accumulate in a ring surrounding the cSMAC (called the peripheral SMAC or pSMAC), to enhance TCR activation signals. 12 DOCK8 was initially identified as a critical mediator of the immune synapse in B cells. 7 B-cell receptor signaling upon antigen recognition triggers signaling cascades that mobilize the integrin LFA-1 to cluster at the pSMAC. 16, 17 This facilitates its binding to ICAM-1 on the surface of the antigen expressing cell to promote B-cell adhesion and spreading. 16, 17 In the absence of DOCK8, a defect in B-cell LFA-1 polarization leads to impaired synapse formation and consequently, long-lived antibody production. 7 Because integrin ligation can serve as a co-stimulatory signal to promote proliferation and inhibit apoptosis, it is likely that DOCK8 can indirectly provide this signal by promoting LFA-1 polarization. 18, 19 Similarly, CD8 + T cells fail to optimally polarize LFA-1 to the immune synapse with dendritic cells, resulting in a delay in the first round of T cell division. This, and other intrinsic defects discussed later, may contribute to poor memory responses in vivo. 20 Although a separate study found no defect in T-cell division in the absence of DOCK8, 21 the poor memory responses found in both studies point to sub-optimal TCR signaling in the absence of DOCK8. The discrepancies may relate to the use of mice bearing different DOCK8 mutations, or the use of CD3/CD28 stimulation versus dendritic cell-presented antigen.
NK cells form an immune synapse with malignant or virally infected cells. NK cell cytotoxicity is regulated by ligands expressed on target cells and activatory/inhibitory receptors expressed on the NK cell. If activation signals dominate inhibitory signals, a cytotoxic synapse is formed, which triggers granule delivery to the synaptic cleft. 11,14 DOCK8-deficient human NK cells also appear to form defective synapses. Independent groups have demonstrated that DOCK8 knockdown or DOCK8-deficient human NK cells have reduced cytotoxic activity due to a failure to optimally polarize LFA-1 and F-actin, and to deliver cytotoxic granules to the target cell. 22, 23 Interestingly, DOCK8 was shown to orchestrate talin and WASp accumulation at the synapse, two essential regulators of F-actin reorganization and integrin affinity maturation, respectively (Figure 2a) . 23 Taken together, these studies clearly demonstrate an essential role for DOCK8 in regulating synapse formation in divergent cell types. However, formation of the synapse involves a complex set of molecular events, including the spatial rearrangement of proteins into SMACs, cytoskeletal rearrangements, and signaling cascades and the exact sequence of events is still not fully understood. Indeed, multiple feed back loops are likely to exist, in which signaling cascades, cytoskeletal rearrangements and SMAC formation is heavily interdependent (Figure 2a) . It is still not clear whether DOCK8 regulates one of these processes, or whether DOCK8 is directly involved in several; or indeed, whether DOCK8 is required for synapse formation in other lymphocyte subsets such as CD4 + T cells (Figure 1) . 21 DOCK8 REGULATES IMMUNE CELL TRAFFICKING DOCK8-deficient mice develop lymphopenia and have a defect in CD4 + T cell egress, 21 a finding supported by a later study demonstrating a role for DOCK8 in the MST kinase signaling pathway, which promotes the egress of single positive thymocytes. 24 These observations may explain some of the clinical manifestations associated with immune deficiency in DOCK8-deficient patients (Table 1) . Interestingly, the pathology of DOCK8 deficiency in humans often involves microbial invasion of barrier tissues, particularly the skin. In 2014, it was discovered that CD8 + T cells adopted an unusual, elongated morphology in the absence of DOCK8. 25 Importantly, these cells lost viability during migration through a gel matrix, which mimics migration from peripheral blood into dense tissue such as skin. This T-cell death, called cytothripsis, was caspaseindependent and occurred through an apparent loss of structural integrity (Figure 2b ). Cdc42 or PAK knockdown cells phenocopied loss of DOCK8, suggesting a DOCK8-Cdc42-PAK2 axis was implementing cytoskeletal changes required to maintain T-cell viability. Similarly, DOCK8 regulates Cdc42 activation in dendritic cells, which is required for their accumulation in the lymph node for T-cell priming. [26] [27] [28] More recently, DOCK8 was also shown to regulate macrophage migration through an interaction with LRAP35, linking Cdc42 to actomyosin dynamics. 29 Thus, in this context, DOCK8 can activate Cdc42, but also function as an adaptor/ scaffold molecule to link Cdc42 to the cytoskeleton. 29 T-cell infiltration into the central nervous system is a major driver of multiple sclerosis, however, little is known about the mechanism driving migration in this context. Xu et al. 30 recently identified a protein, LRCH1, that competes with Cdc42 to interact with DOCK8 and restrict T cell migration. They demonstrated that LRCH1 restrains PKCα-DOCK8-Cdc42 module-induced T-cell migration (Figure 2b ). 30 Importantly, DOCK8 mutant mice or Lrch1 transgenic mice are protected from experimental autoimmune encephalomyelitis (EAE). 30 DOCK8 also regulates phagocyte migration during sepsis. Destruction of erythrocytes (hemolysis) during infection is thought to promote bacterial growth by liberating the nutrient heme-iron. Interestingly, heme appears to also inhibit phagocyte recruitment via disruption of DOCK8-Cdc42-mediated cytoskeletal rearrangements. 31 Taken together, DOCK8 functions as a key regulator of diverse immune cell subtype migration through activation of Cdc42, but is likely to adopt multiple and complex roles in the signaling events that culminate in this process. In support of this concept, a signaling complex composed of DOCK8, WASp-interacting protein (WIP) and WASp is assembled upon TCR ligation, and drives TCR-mediated cytoskeletal changes. 32 Here, it appears that, as well as a Cdc42 activator in this context, DOCK8 facilitates WASp-driven actin polymerization by promoting an interaction with the ARP2/3 complex (Figure 2 ). 32 Indeed, DOCK8 is required for immune synapse formation, actin foci formation, mechanotransduction, T cell transendothelial migration, and homing to lymph nodes in this setting. 32 DOCK8 IN MAINTENANCE OF LYMPHOCYTE PERSISTENCE Studies using DOCK8 knockout or mutant mice have determined that DOCK8 expression is required for the maintenance and persistence of many immune cell subsets. DOCK8 mutant B cells are unable to form marginal zone B cells, or to persist in germinal centers. 7 Similarly, DOCK8 mutant mice display T-cell lymphopenia, with increased T-cell turnover due to excessive cell death. 21 While CD8 + T cells in these mice mount a normal primary response to antigen, the persistence of memory cells is sub-optimal. 12, 21 These data point to a critical role for DOCK8 in generating a TCR signal strong enough to ensure long-term memory cell production, or indeed a role in suppression of apoptosis 20 DOCK8 also regulates the survival of NKT cells in mice and humans, providing further evidence that DOCK8 may be required to restrain cell death. 33 Importantly, NKT cells deficient in DOCK8 expressed reduced levels of the antiapoptotic protein factor B-cell lymphoma 2 (Bcl2), 33 suggesting that DOCK8 may promote immune cell survival by directly regulating the cell death machinery; however, this molecular link remains unexplored (Figure 2b ). DOCK8 is also essential for the function and survival of RORγt+ innate lymphoid cells (ILCs). 34 The scarce ILCs in DOCK8-deficient mice following Citrobacter rodentium infection are also less responsive to IL-7-and IL-23-induced signaling, leading to defective IL-22 release. Diminished IL-22 release occurred through sub-optimal STAT3 activation in the absence of DOCK8. In addition, DOCK8-deficient ILC3s could not phosphorylate STAT5 as efficiently as wild type cells in response to IL-7. 34 These ILCs also had a higher rate of spontaneous apoptosis, again linking DOCK8 to the apoptotic program. It will be interesting to determine if DOCK8 is regulating cell death through the modulation of co-stimulation signals within the immune synapse, leading to enhanced activation-induced cell death, or whether there is a more direct link to cell death induction, as suggested by reduced Bcl2 levels in NKT cells.
REGULATION OF POLARIZATION AND CYTOKINE PRODUCTION
While both DOCK8 and STAT3 mutations give rise to a hyperIgE syndrome, STAT3 mutations are more frequently associated with pulmonary symptoms and are associated with classical skeletal features, while DOCK8-deficient patients more often present with multiple allergies and recurrent viral infections of the skin. 35 Nonetheless, this clinical overlap suggests DOCK8 and STAT3 may operate in the same pathway in some circumstances. 35, 36 Two recent studies found that CD4 + T cells from DOCK8-deficient patients are preferentially polarized to a T H 2 effector phenotype, with defective ability to polarize towards a T H 17 cytokine producing state. 37, 38 Mechanistically, DOCK8 constitutively associates with STAT3 in CD4 + T cells in a GEF-independent manner, but promotes STAT3 activation through a GEF-dependent mechanism upon IL-6 or IL-21 stimulation. 38 Indeed, mutant cells that lack DOCK8 GEF activity, but retain protein expression, had defective T H 17 polarization. Intriguingly, DOCK8 was required for STAT3 translocation to the nucleus, where it drives transcription of T H 17-associated genes. These data support the finding that STAT3 is required for IL-22 production in response to IL23 in ILCs. 34 Similarly, a recent study has also implicated DOCK8 in the production of IL-31 in CD4 + T cells by controlling the transcription factor EPAS1. 39 Thus, DOCK8 can directly regulate signal transduction events that are required for downstream cytokine production (Figure 1) . Furthermore, these experiments support the concept that DOCK8 has multiple functions, simultaneously catalyzing enzymatic reactions while serving as a molecular scaffold within signaling networks.
Further evidence that DOCK8 acts as a signaling intermediate in immune cells came from an elegant study by Geha and colleagues, which found that DOCK8 functions as a signaling adaptor in B cells, linking Toll-like receptor (TLR) 9 activation to STAT3 transcription factor-mediated proliferation and differentiation. 40 DOCK8 also constitutively associates with the TLR adaptor, MYD88 and the kinase, Pyk2. Upon TLR9 ligation, Pyk2 phosphorylates DOCK8, allowing it to bind the Src kinase Lyn. Lyn then activates Syk to drive STAT3 translocation to the nucleus. Thus, DOCK8 has an essential role in linking external signals to Src-dependent signaling cascades in a GEF activity-independent manner. As discussed above, DOCK8 is also required for optimal cytokine-induced STAT3 activation in T cells. 38 However, IL-6-and IL-21-triggered STAT3 remained intact in DOCK8-deficient B cells. 40 This suggests that the role of DOCK8 can be divergent in different cell types upon activation with the same extracellular stimuli.
CONCLUSION
With the discovery in 2009 that mutations in the Dock8 gene leads to combined immunodeficiency disease in humans, DOCK8 recaptured the interest of immunologists and cell biologists worldwide. A flurry of elegant studies have ensued since then, demonstrating that DOCK8 is critical for proper immune cell function, with the absence of DOCK8 in humans leading to impaired immunity and susceptibility to a host of infections of viral, bacterial and fungal origin. The studies described here have determined that DOCK8 plays a critical role in establishing the scaffolds required for immune cell migration, synapse formation and signal transduction events. Although still to be unraveled, an intriguing role for DOCK8 in regulating cell death may also be revealed in the future.
Given the large number of guanine exchange factors known to activate various Rho GTPases, 41, 42 it is also intriguing that the loss of just one guanine exchange factor for Cdc42, namely DOCK8, has such severe and varied effects on the immune system (Figure 1 ). This raises the possibility that the specific role of DOCK8 in activating Cdc42 in different immune subsets may be antigen-specific, or dependent on the stage of the immune response. Equally, the variety of interacting proteins and downstream targets of DOCK8 described above are likely to give further specificity, perhaps restricting its activity to certain immune cells, or for regulating the response to specific types of signals. It is hoped that future studies will be able to unravel this complexity. Whether DOCK8 regulates signal transduction in other immune cell subsets, and clarification on how DOCK8 drives optimal signaling to influence critical aspects of the immune response, such as memory, are also questions that remain to be answered. In addition, how other Cdc42-specific GEFs expressed in immune cells (such as DOCK11 43 ) function, and how their activity affects DOCK8 will be important to understand.
More broadly, a better understanding of the specific differences between the role of DOCK8 in mice and humans, and the roles of other DOCK proteins in immunity and disease is required. Until we develop a greater understanding of the diverse roles of DOCK8, and begin to elucidate the molecular pathways involved, it will be difficult to provide any targeted treatment for DOCK8-deficient patients, for whom the current treatment options are limited, and, due to the poor prognosis, will need to continue to undergo high-risk hematopoietic stem cell transplantation.
